Two sisters, helerozygous carriers for congenital X-linked protanopia, were diagnosed as normal trichromats by the Rayleigh match on the anomaloscope. The heterozygous state was established by molecular analysis of their visual pigment genes. The normal color match establishes that the spectral sensitivities of their long-wavelength-sensitive (LWS) and middle-wavelength-sensitive (MWS) cone visual photopigments are within normal variability. Their FM 100-hue test error scores were low, demonstrating superior chromatic discrimination. Heterochromatic flicker photometric (HFP) spectral sensitivities were like those of protanopes. The estimated LWSfMWS cone ratios from the HFP data were 0.09/1 and 0.03/1, compared with ratios in the range of 0.6/1 to 10/1 for typical normal trichromats. Measurements of chromatic grating acuity on chromatically selective backgrounds were performed to study the cone mosaic. The data were consistent with a sparsity of LWS cones. Both protan carriers showed normal spectral sensitivities for all three cone types under cone isolating chromatic adaptation and normal three-peaked curves for increment thresholds on a white pedestal. Hue estimation, run on one carrier was normal. The equilibrium yellow locus was measured in the other carrier and was in the range of normal trichromats. The data indicate that normal color vision can occur even when the LWS/MWS cone ratio is quite abnormal.
INTRODUCTION
The mother or female child of a male with X-chromosome-linked color vision deficiencies is a heterozygous carrier for the defective gene. Heterozygotes for Xchromosome-linked color defects usually make a normal Rayleigh match on the anomaioscope but some may show abnormalities on other visual tasks. For example, the majority of carriers for protanopia or protanomaly have reduced sensitivity to long wavelength lights in the relative luminous efficiency curve, the so called Schmidt's sign (Schmidt, 1934 (Schmidt, , 1955 and deutan carders show reduced sensitivi~ty in the short wavelength region in the curve (deVries, 11948; Crone, 1959; Adam, 1969) . Heterozygotes may slhow other minor abnormalities including difficulties iin reading some pseudoisochromatic tests correctly (Verriest, 1972; Cohn, Emmerich, & Carlson, 1989; Jordan & Mollon, 1993) on the Farnsworth-Munsell 100-hue test (Krill & Schneiderman, 1964; Verriest, 1972) , and small displacements of the mean and an increased scatter in the Rayleigh match (Verriest, 1972) . Other reports include exaggerated simultaneous color contrast akin to that observed in anomalous trichromats (Walls & Mathews, 1952) , reduced wavelength discrimination ability (M6ller-Ladekarl, 1934) , decreased spectral opponency as evaluated by increment threshold spectral sensitivity on a white background (deVries-de Mol, 1977 , difficulties in point source color identification (Wald, Wooten, & Gilligan, 1974; Born, Grtitzner, & Hemminger, 1976) , and abnormalities on the heterochromatic threshold-reduction factor (Boynton & Wagner, 1961) in protan heterozygotes (Ikeda & Urakubo, 1968; Ikeda, Hukami, & Urakobo, 1972) . The color defects observed in heterozygous females are usually explained by X-chromosome inactivation called Lyonization (Lyon, 1961) : early in embryonic life one of the X-chromosomes in each cell is randomly inactivated and descendents of a given cell have the same active X chromosome as the parent cell. The cone photoreceptors in females are a mosaic representing a patchwork of paternally derived and maternally derived cells. In the heterozygote carrier of color defect, the mosaic will include patches of retina with expression of photopigments derived from genes encoding color normal and 601 602 E. MIYAHARA et al. color defective vision. The consequences of X-chromosome inactivation are well-recognized in the retina, primarily because of the abnormal appearance of the fundus in the carrier state of X-chromosome-linked retinal disease (Krill, 1969) . Since the retinal mosaic is very dense and there is a postnatal migration of the retinal cells, it has proved hard to establish a definitive patchy mosaic in carriers for color defect.
With random inactivation it is possible for occasional observers to show asymmetrical inactivation. At one extreme, the female carrier may express only the normal chromosome and appear phenotypically normal. At the other extreme, a female carrier may express only the defective chromosome and appear phenotypically color defective. These extremes have been observed in monozygotic sisters. The literature includes two recent reports, one concerning monozygotic twins (Jorgensen, Philip, Raskind, Matsushita, Christensen, Dreyer, & Motulsky, 1992) , one with normal and one with deuteranomalous color vision, and another of monozygotic triplets (Yokota, Shin, Kimura, Senoo, Seki, & Tsubota, 1990) , one expressing deuteranomalous color vision. In the first report, the twins were obligatory heterozygotes with a deuteranomalous father. Additionally, the deuteranomalous twin had both normal and deuteranomalous sons. Skin cells of the monozygotic twins were examined to evaluate X-inactivation. They revealed that the deuteranomalous twin expressed primarily paternal X-chromosome, while the color normal twin expressed primarily maternal X-chromosome. In the second report, the triplets were presumed heterozygotes with deuteranopia established in the maternal grandfather.
A question of interest for development of color vision is whether the opponent channels can develop normally under conditions of less extreme asymmetric inactivation. In this study, we investigated two heterozygous carriers for protanopia, who showed a severely abnormal protan luminosity function. In contradistinction to the studies referenced above, the only abnormality shown by our observers was Schmidt's sign. Their color matches and chromatic discrimination were normal. We describe experimental paradigms aimed at characterizing the relative cone numerosity and the spectral sensitivity of the cone types, and paradigms aimed at revealing properties of post-receptoral mechanisms of color vision. These included (1) heterochromatic flicker photometric luminous efficiency; (2) studies of the cone mosaic using grating acuity under selective chromatic adaptation; (3) studies of the adaptational properties including selective chromatic adaptation and increment detection on white pedestal and background; and (4) studies of color perception including spectral color naming and the determination of the wavelength of equilibrium yellow. The data are consistent with a severe sparsity of long-wavelengthsensitive (LWS) relative to middle-wavelength-sensitive (MWS) cone photopigments. However, spectral opponency was well-developed and supported normal color vision. M  1942  39-40  0  BeB  F  1941  40--41  0  RB  F  1969  40-41  8; 19  0  MB  F  1972  40---42  0  EB  F  1975  40-41  20; 11  0  Normal  35-45  <40  0  controls   COLOR SCREENING We tested a family consisting of parents and three daughters, all of whom had normal mid-matching points and narrow matching ranges by the Neitz OT anomaloscope (Table 1) . Thus, all members of the family have LWS and MWS cone photopigments. The Ishihara test results were normal for all members of the family. In addition to the Rayleigh match, we tested our observers BB and EB for the Moreland equation (Moreland & Kerr, 1979) . Both had a normal mid-matching point and a narrow matching range, thus indicating normal shortwavelength-sensitive (SWS) spectral sensitivity. The error scores for the Farnsworth-Munsell 100-hue test were less than 40, below population norms (Table 1) . These results are indicative of superior chromatic discrimination (Farnsworth, 1943) . Normal control observers passed screening tests, had normal results on the Neitz OT anomaloscope and made error scores on the Farnsworth-Munsell 100-hue test below 40.
We screened the family using heterochromatic modulation photometry (Pokorny, Smith, & Lutze, 1989) , a variant of HFP. The father (JB) and one daughter (MB) showed normal relative luminous efficiency functions. However, the mother (BeB) and two daughters (our observers BB and EB) showed luminous efficiency functions with diminished sensitivity to long wavelengths. This result is characteristic of Schmidt's sign.
Based on the color screening data, we surmised that the mother and two daughters are heterozygous carriers for congenital X-chromosome-linked protanopia. The family consented to molecular analysis of the opsin genes on the X-chromosome (Kainz, Neitz, & Neitz, 1997) . The family data revealed normal gene complements for JB and MB. Observers BeB, BB and EB gave results diagnostic of the protan heterozygote state.
Abstracts of the results have previously been published (Pokorny, Smith, & Baron, 1988; Miyahara, Baron, Smith, & Pokorny, 1995) .
HETEROCHROMATIC FLICKER PHOTOMETRIC LUMINOUS EFFICIENCY

Rationale
It is assumed that heterochromatic flicker photometry (HFP) reflects the summed activity of the LWS and MWS cones in the visual field (deVries, 1947; Rushton & Baker, 1964; Adam, 1969 Lutze, Cox, Smith, & Pokorny, 1990; . The task of heterochromatic flicker photometry has been associated with magno-cellular (MC) pathway function (Lee, Martin, & Valberg, 1988) . Since the retinal cells of the MCpathway indiscriminately sum LWS and MWS cone signals in their receptive fields (Boycott & W~issle, 1991) , a paucity of oae or other cone type will be reflected in the measured HFP function. Thus, Schmidt's sign in carders of protanopia may be interpreted as reflecting a reduced quantity of functioning LWS cones. In the derivation of cone fundamentals, the luminous efficiency function is described as the sum of LWS and MWS cone fundamentals. Individual luminosity functions can be fitted by a linear combination of cone fundamentals (Pokorny, Jin, & Smith, 1993) , where the LWS/MWS weighting may differ from that (1.625) of the Judd revised spectral luminous efficiency function. The ratio of the cone sensitivities required for the best fit is considered to be an estimate of the LWS/MWS cone ratio of the observer. Modem studies of threshold detection have also been developed to estimate LWS/MWS cone ratios (Cicerone & Nerger, 1989; Vimal, Pokorny, Smith, & Shevell, 1989; Wesner, Pokorny, Shevell, & Smith, 1991) . These studies have indicated good correlations of the LWS/MWS cone ratio between the techniques. Data from diverse methods are consistent with the average color normal observe, r having a majority of LWS receptors. These techniques include microspectrophotometry of single human cones (Dartnall, Bowmaker, & Mollon, 1983) and analyses of mRNA from donor retinae (Hagstrom, Neitz, & N eitz, 1997; Yamaguchi, Motulsky, & Deeb, 1997) .
We employed HFP spectral sensitivity to estimate the LWS/MWS cone ratio of our observers BB and EB.
Methods
Experiments 1 and 3--6 were performed on a computercontrolled three-channel MaxweUian view optical system which employed tungsten halogen sources (Lutze, Pokorny, & Smith, 1987) . The output of one of the channels was controlled with a 500 mm Bausch and Lomb grating monochromator and a circular inconel neutral density wedge; outputs of the remaining channels were controlled by three-cavity interference or Kodak Wratten filters, and inconel neutral density filters.
The Experiment 1 protocol used two channels of the optical system (Pokorny et al., 1993) . The observer performed HFP to a 50 td, 3600 K standard light at 10 nm intervals between 510 and 660nm. The field diameter was 1.6 deg; the flicker alternation rate varied between 15 and 20 Hz. The observers were the two protan carriers (BB and EB). We have control data on 12 color normal observers for this protocol. In the results, we show comparative data for author EM.
Results
Each panel in Fig. 1 shows the spectral luminous efficiency functions for one observer. Solid circles are the data points, the dotted lines are the LWS and MWS cone spectral sensitivity templates derived from Smith & Pokorny (1975) . The HFP luminous efficiency functions of BB and EB fell near the MWS template, while observer EM shows a function nearer the LWS template. The solid lines are the fits of the linear combination of LWS and MWS cone sensitivity templates by using the equation
where LWS(2) and MWS(Z) are the Smith-Pokorny fundamentals normalized to their peak sensitivity, p is the proportion of LWS cones and k is a vertical scaling factor. A least square fitting procedure was used in fitting the data, varying the parameters p and k. Synthesized spectral sensitivities, Sens()0, were calculated and compared with the spectral sensitivity data on a logarithmic scale to find the best fit. The best fitted curve required an LWS/MWS ratio of 0.09 for BB and 0.03 for EB, whereas it required 1.40 for the normal control EM.
We have collected population data on other laboratory equipment for the photometric match of 650 nm to a 550nm standard, using heterochromatic modulation photometry . The standard deviation in log 650 was 0.096 for 75 unrelated male observers (Lutze et al., 1990) . A literature survey of population data concerning similar HFP photometric matches gave standard deviations ranging from 0.07 to 0.100. This variability also compares with the variation in HFP spectral sensitivity in the study of Coblentz & Emerson (1917) . The open circle in Fig. 1 represents the Judd modified spectral luminosity function and the vertical bar shows + 2 SD of 0.085. The 650 nm matches of BB and EB are over 8 SD from the Judd mean.
Based on Eq. (1) we can calculate the estimated LWS/ MWS cone ratio in a given observer's eye, where the mean of the Judd revised observer is 1.625. The calculated LWS/MWS cone ratio is a non-linear function of the log R setting in the photometric match (Lutze, 1988) . For color normal observers, the population variation of photometric matches corresponds to a lower value of 0.6 for the LWS/MWS ratio. At the higher end, the matches approach the deuteranopic luminosity function, allowing very high LWS/MWS ratios. Variance in the HFP matches is affected not only by the cone ratios but also by variation in the LWS photopigment spectra and variation in the optic media. These effects, however, are comparatively small, contributing less than 19% to the total variance of photometric matches . If the LWS photopigments of BB and EB were shifted to slightly lower wavelengths, we would underestimate their LWS/MWS ratios. A calculation using an LWS photopigment shifted 6 nm to shorter wavelengths gave LWS/MWS ratios of 0.16 for BB and 0.06 for EB. These ratios still differ significantly from the normal population.
There have been three reports of HFP matches in protan heterozygotes (Crone, 1959; Adam, 1969; Majima, 1971) . Individual HFP matches of protan heterozygotes ranged from normal to equivalent to those of protanopes. The standard deviation of the heterozygote matches was correspondingly larger than that for normals. The average heterozygote match was 4-5 SD from the normal mean. We computed the average cone ratios to be 0.3 for Adam's data using 23 protan heterozygotes (19 heterozygotic for protanopia) (Adam, 1969) , 0.4 for Crone's data using 38 protan heterozygotes (Crone, 1959) , and 0.5 for Majima's data using 14 protan heterozygotes (Majima, 1971) . The cone ratios of our observers are below the average of the literature studies but within their ranges and suggestive of asymmetric inactivation in both members of our family.
STUDIES OF TIIE CONE MOSAIC
Rationale
Although Schmidt's sign may reflect a paucity of LWS cones in the heterozygote cone mosaic, there could be other explanations. -we therefore considered it important to look at another test that might be sensitive to the cone mosaic. We chose to measure the spatial resolution of the LWS and MWS sub-mosaics. Spatial resolution of a single cone type has been estimated using visual acuity (Stiles, 1949; Brindley, 1954) or contrast sensitivity of chromatic test stimuli (Green, 1968) , measured on chromatic backgrounds. The test and background wavelengths are chosen to optimize detection by one or other sub-mosaic. In color normal observers, the maximal acuity attainable for the LWS and MWS sub-mosaics are similar to each other and to the maximal acuity attainable without selective adaptation (Stiles, 1949; Brindley, 1954) . Our goal was to estimate the LWS and MWS sub-mosaics in the protan carriers.
Experiment 2: visual acuity
We used two chromatic backgrounds and superimposed one of two chromatic test gratings. Background dominant wavelengths were 468 and 665 nm, the test gratings were created on a CRT monitor. Visual acuity was measured as a function of background retinal illuminance. The spatial frequency of the test grating was manipulated to determine the grating acuity for each test/background combination. The R phosphor should favor detection by the LWS cone mosaic, although the MWS cone mosaic might also participate at very high levels of the 665 nm background. In comparison, the G phosphor is an effective stimulus for both cone mosaics, although a high level long wavelength background might depress sensitivity of the LWS cones. Thus, in a color normal, the R phosphor should be detected by the LWS submosalc, the G phosphor should be detected by the MWS submosaic on the long wavelength background and by both mosaics on the middle wavelength background.
Methods. Test gratings were generated by a PIXAR II image processor and presented on a Nanao color monitor. Optically superimposed was an adapting field derived from a Maxwellian view with a 75 watt Xenon source. Lights from the monitor screen and the adapting field were combined by a pellicle beam-combiner and the observer viewed the stimuli through a 2.5 mm diameter artificial pupil. Neutral density filters were used to vary the luminance of the 26 deg x 20 deg background. The test grating was 5 cycles of a sine-wave grating using either the R or the G phosphor of the CRT, presented at maximal contrast. The phase of the grating was offset 90 deg from the hard-edged window to minimize grating orientation cues. The Boynton & Kambe (1980) l,s coordinates and the retinal illuminances were (0.8153, 0.1200), and 67td for the R phosphor and (0.6067, 0.2173), and 60 td for the G phosphor. The spectral composition of the background was controlled with absorption-type glass filters and had a dominant wavelength of either 468 or 665 nm with high colorimetric purity, and maximal retinal illuminances of 2500 and 5000 td, respectively.
The observer adapted to each background for 2 min. Log Background L-Cone Trolands Then visual acuity was assessed by the method of constant stimuli (Wilson, Blake, & Pokomy, 1988) . A temporal two-interval forced-choice procedure was employed in which horizontal and vertical gratings were presented on each trial with a random trial-to-trial sequence. The length of the grating bars was varied randomly +10% from trial to trial, so that the overall shape of the patch could not serve as a clue to the orientation of the grating. The observer was required to indicate which 500 mse,= interval contained the vertical grating. For each experimental condition, psychometric functions were obtained using five grating spatial frequencies and the 75% correct threshold was estimated by fitting a Quick (1974) function to the data using a maximum likelihood estimate. The observers were protan carrier EB and normal control EM. Both observers have normal visual acuity. EB was emmetropic; EM wore eyeglasses. Thus, neither observer had uncorrected astigmatism that would bias the task.
Results. Both observers showed a maximum visual acuity of about 60 cycles per degree (cpd) at low background retinal illuminance and both showed reduced acuity with increased background illuminance.
We converted the background luminances into L-and M-cone trolands (Smith & Pokomy, 1996) . Figure 2 shows the data for the R phosphor test on the two backgrounds (open symbols for 650 nm; closed symbols for 468 nm) plotted as a function of the background level in M-cone trolands (upper panels) and in L-cone trolands (lower panels). For normal control EM, the data were consistent with detection by her LWS cone mosaic. Her data superimposed when plotted as a function of background L-cone trolands and separated when plotted as a function of background M-cone trolands. In comparison, protan carrier EB showed data consistent with detection by her MWS cone mosaic. Her data superimposed when plotted as a function of background M-cone trolands and separated when plotted as a function of background Lcone trolands. For the G phosphor and control observer EM, the visual acuity was equivalent for both backgrounds, and not differentially affected by the background wavelength. For protan carrier EB, G phosphor visual acuity was determined by her MWS cone mosaic. The data for the two backgrounds superimposed when plotted as a function of background M trolands and separated when plotted as a function of background L-cone trolands. The measurements revealed that EB uses only her MWS cone mosaic for grating acuity even under conditions which favor the LWS cone mosaic in normal observers. This result is consistent with a paucity of LWS cones in this observer.
ADAPTATION
Rationale
Schmidt's sign is consistent with a sparsity of LWS cones. The effect is seen in HFP because the task is sensitive to LWS and MWS cone summation but is not affected by adaptation mechanisms at the luminance and alternation rate we use (Pokorny et al., 1993) . According to this interpretation, chromatic adaptation may reveal the sparse LWS cones. We considered it important to look for adaptational abnormalities for LWS and MWS cones in both the magno-cellular (MC-) pathway and the parvo-cellular (PC-) pathway mechanisms (Derrington, Krauskopf, & Lennie, 1984) . SWS cones are limited to a unique retinal pathway (Dacey & Lee, 1994) . For the MC-pathway, we chose a modified Wald-Marr6 (Wald, 1964 (Wald, , 1966 Mart6, 1972) technique using increment detection on chromatic backgrounds. This technique, developed in our laboratories (Lutze et al., 1987) for clinical use, uses a 15 Hz test for LWS and MWS cone isolation. We used a 2.4 Hz test for SWS cone isolation. The adaptation levels were sufficiently high so as to ensure reaching limiting Weber behavior. Under these conditions an absolute sensitivity loss for the LWS or MWS mechanism will not be revealed. LWS and MWS thresholds will appear normal unless there is an adaptational abnormality (Yeh, Smith, & Pokorny, 1989) .
For the PC-pathway, we chose a technique of increment detection on white. Increment threshold spectral sensitivity functions using a relatively large and long test stimulus on an achromatic background show three peaks at about 450, 530, and 610 nm with local minima near 480 and 570 nm for normal trichromats (Sperling & Harwerth, 1971; King-Smith & Carden, 1976) . To favor PC-pathway detection, it is desirable to use a stimulus which is limited to the low frequency domain in both space and time. We used 2 Hz modulation and a spatial profile which did not produce an edge when the stimulus was presented. This was accomplished by use of a steady pedestal coextensive with the test light (Foster & Snelgar, 1983; Snelgar, Foster, & Scase, 1987; Nacer, Murray, & Carden, 1989) . The 450 nm peak is considered to be mediated by the S cones, and this peak is clearly seen in the data of both normal observers and X-chromosomelinked color defective individuals. The 530nm and 610 nm peaks are believed to be mediated by spectral opponent signals generated in the PC-pathways; the minimum near 570 nm is called the Sloan notch (Sloan, 1928; Calkins, Thornton, & Pugh, 1992) . The Sloan notch is absent in dichromats and is reduced or absent in anomalous trichromats (Miyahara, Pokorny, & Smith, 1996) . Increment threshold spectral sensitivity functions of carriers of X-chromosome-linked color defects do not differ significantly from the functions of color normal observers (Swanson & Fiedelman, 1997) .
Experiment 3: cone isolation using chromatic backgrounds
Methods. The equipment was the three channel Maxwellian view device described in Experiment 1. A 1.6 deg test field was presented on a 10 deg adapting field. The SWS cone sensitivity was isolated using 2.4 Hz flicker detection on a yellow (Wratten 22) background of 50 000 td. The MWS and LWS cone sensitivities were isolated using 15 Hz flicker detection on chromatic (purple, Wratten 35 and blue, Wratten 47B, respectively) backgrounds of 25000td. Test wavelengths were selected from a random list with steps of 20-30 nm. A continuous tracking procedure (von B6k6sy, 1960) was incorporated in an efficient computer-controlled version of the Wald-Marr6 technique (Lutze et al., 1987) . The observers were the protan carriers, BB and EB, and 40 normal controls aged 15-40 yrs. In the figures we show comparative data for author EM. The data were fit with SWS, MWS and LWS cone sensitivity templates (Smith & Pokorny, 1975) .
Results. Figure 3 shows the results of the cone isolation experiment for the two p:rotan carrier observers and one color normal control. The solid squares are the data and the dot-dashed lines are the fits for the isolated SWS cone sensitivity; the solid circles are the data and the solid lines are the fits for the isolated MWS cone sensitivity; and the solid triangles are the data and the dotted lines are the fits for the isolated LWS cone sensitivity. The heights of the templates are adjusted so that the sums of the squared residuals are minimum. The measurements for BB and EB showed cone isolation comparable with that for the normal control observer EM. The open symbol with vertical bars placed at the peak of each curve is the mean ±2 SD of 40 color normal controls aged between 15 and 40 yr (Lutze et al., 1987) . The data of all three observers fall within the normal variability bounds. Thus, under cone isolating conditions, observers BB and EB show evidence of LWS cones.
Experiment 4: increment detection on white pedestal and background
Methods. The equipment was the three channel Maxwellian view device described in Experiment 1. A steady white background of 400 td, 10 deg in diameter, and a steady white pedestal of 3200 td, 1.6 deg were presented. The color temperatures of background and pedestal lights were 2700 and 3600K. Squarewave 2.4 Hz modulation was superimposed on the pedestal. Test wavelengths were selected from a random list with steps of 10-30 nm in the range 420-670 nm. The method was the computer-controlled tracking procedure of Experiment 3. The observers were observers BB and EB and seven normal controls. In the results we show comparative data for aul;hor EM.
Results. Figure 4 shows the increment threshold spectral sensitivity functions on the white background and pedestal. The solid circles are data points. The protan carriers showed a triple-peaked function with two dips at 490 and 580 nm. The normal control also showed a threepeaked function. Each observer's HFP luminous efficiency function was placed to coincide with the data at 490 nm. The elevation of the long-wavelength-peak above the fitted luminous efficiency function was 1.0-1.2 log unit for BB and EB and 0.4 log unit for the normal control, EM. The Sloan notches of the two protan carriers observers are comparable with that of the normal control. This result indicates strong red-green spectral opponent activity in the protan carriers.
HUE PERCEPTS
Rationale
The data described thus far are consistent with the interpretation that BB and EB have three normal cone types, which show normal adaptational properties. However, there is a paucity of LWS cones. Although chromatic discrimination and chromatic detection may fall within normal limits, there might be some abnormality of color perception. For example, equilibrium hue percepts might be displaced from normal.
The equilibrium hues are used as parameters in color vision models based on the perceptual aspects of color appearance (e.g. (Hurvich & Jameson, 1955; Ingling, 1977; Boynton, 1979; DeValois & DeValois, 1993) . There are four equilibrium hues, "blue", "green", "yellow", and "red". Equilibrium "blue" and "yellow" are equilibrium hues, which contain neither reddish nor greenish components. They are considered null points for a red-green color opponent mechanism in an opponent colors scheme such as that of Hurvich & Jameson (1955) . Equilibrium "green" and "red" are equilibrium hues, which contain neither bluish nor reddish components. They are considered null points for a blue-yellow color opponent mechanism. Support for the concept of equilibrium hues comes from color naming. It has long been recognized that four color names, those of the equilibrium hues are needed to describe the visible spectrum. Further, the equilibrium hues are both necessary and sufficient. Spectral equilibrium hues occur near 470 nm for "blue", 520 nm for "green", and 580 nm for "yellow" (e.g. (Rubin, 1961) . Thus, one way of investigating color percepts in our observers is to use spectral hue estimation. It should be noted that in the Hurvich-Jameson opponent color scheme the pairs of equilibrium colors are collinear with equal energy white in a chromaticity chart. This implies that that the chromatic opponent mechanisms are adapted to white in the natural environment. Adaptation implies that the numbers of cones will not be important in determining equilibrium hues. Rather, the adaptation mechanisms that determine the responses of the spectral opponent mechanisms will be the determinants of the null points of the chromatic opponent mechanisms. However, other theories (Cicerone, 1987; DeValois & DeValois, 1993) have postulated that cone numbers will be important in determining equilibrium hues.
Equilibrium yellow occupies a special place in the literature because the variance of equilibrium yellow can be compared with the variance of Rayleigh matching and HFP data. Thus, the question of the role of cone numbers can be investigated. Literature surveys of the spectral locus of equilibrium yellow (Cicerone, 1987; which encompass some 11 studies show that the mean locus is located at 568-588 nm and the standard deviation varies from 2.0 to 5.3 nm for normal trichromats. Settings change little with luminance level between 10 and 1000 td. Equilibrium yellow settings do not change with age (Schefrin & Werner, 1990) and show a standard deviation of 2-3 nm over time periods from 1 to 16 months (Osaka, Cohen, Akita, & Ejima, 1978; Laxar, Miller, & Wooten, 1988) . Equilibrium hue settings of carriers of deuteranomaly, deuteranopia and protanopia do not differ from normal settings; carders of protanomaly set significantly shorter equilibrium yellow wavelengths than the other observers (Jordan & Mollon, 1997) . Pokorny & Smith (1977) and Mollon (1982) suggest that the spectral position of equilibrium yellow is close to the wavelength that produces the same quantum catch in LWS and MWS cones as does the average environmental illuminant. This hypothesis suggests that the LWS/MWS ratio and the spectral locus of equilibrium yellow should not be associated, and several studies support this view (Ingling, Martinez-Uriegas, & Grigsby, 1990; Mollon & Jordan, 1995) . An alternative hypothesis is held by Cicerone (1990) , who postulates a model in which the cone quantum catches are weighted by the relative numbers of the different cone types and a scaling constant. The model predicts the range of equilibrium yellow wavelengths encountered in the population, with longer wavelength equilibrium yellow loci being associated with reduced proportions of LWS cones. For Cicerone's seven observers, the range of equilibrium yellow wavelengths was postulated to be compatible with LWS/MWS ratios between 1.5 and 2.5. Our observers offer a critical test of the notion since the estimates of their LWS/MWS cone ratios are far from the mean population estimate.
Experiment 5: spectral hue estimation
Methods. The equipment was the three-channel Maxwellian view device described in Experiment 1. Only the monochromator channel was used for this experiment. Wavelengths were scaled at 20 nm intervals between 420 and 660 nm. The test field was circular, of 1.6 deg diameter. The initial step was to obtain HFP matches for each test wavelength. The wavelengths were then presented in random order at the observer's sensation luminance. The set of 23 wavelengths was then repeated for eight repetitions. The observers included BB and seven normal trichromats. The results show comparative data for observer EM.
The method was continuous hue estimation (Smith, FIGURE 5. Continuous hue estimation for protan carder BB (a) and normal control EM (b). The spectrum was scaled at 20 nm steps from 420 to 660 nm, using color names "blue" (filled squares), "green" (open circles), "yellow" (filled triangles), and "red" (open diamonds). On each trial, a percentage estimation of the hue content was given with the proviso that the total hue content sum to 100%. Pokorny, & Swartley, 19J3) . On each trial the observer viewed a 1 sec pulse of light. The appearance was then rated by assigning a percentage to the color names "Blue", "Green", "Yellow" and "Red", with the requirement that the total assignment added up to 100%.
Results. Figure 5 shows the chromatic response distributions. The data for BB and EM are quite similar, well within normal variability, both for our laboratory and for other published data. The name "blue" is used from 420 to 520 nm with a peak at 460-480 nm. The name "green" is used from 480 to 590 nm with a peak at 500-520 nm; the name "yellow" is used from 520 to 660 nm with a peak at 580 nm. The name "red" is used with decreasing values between 420 nm and 460 nm, and with increasing values above 580 nm, reaching a maximum at 660 nm.
Our hue estimation data are characteristic of other color naming data for color normal observers in the literature (Boynton & Gordon, 1965; Sternheim & Boynton, 1966; Smith et al., 1973) in showing the following characteristics. Only two color names are used for any trial. The name pairs "blue" and "yellow" or "red" and "green" are never used together. The small crossovers that occur near 490 and 580 nm, respectively, result from averaging trials where the primary name is over 90% and the small secondary component varies from trial to trial. This variation is common when wavelengths are randomly interspersed. With the exception of 560 and 600 nm, the hue percept always has a unique primary identifier In comparison, color naming of anomalous trichromats shows confusion of the primary identifier for lights from 520 to 620 nm, with mixed use of the names "green", "yellow" and "red" (Smith et al., 1973) . We therefore conclude that BB can scale the hue content visible spectrum as accurately as normal observers.
The equilibrium hues can be derived at the cross-overs of the adjoining null hues; i.e. equilibrium yellow is calculated at the cross-over of the names "red" and "green" (Boynton & Gordon, 1965) . For BB, as for color normal observers, the equilibrium hues occurred in the spectral regions near 480, 500 and 580 nm, well within normal variability for the literature, especially given our somewhat coarse scaling of the spectrum.
Experiment 6: equilibrium yellow
Methods. The equipment was the three-channel Maxwellian view device described in Experiment 1. Only the channel with the monochromator was used for this experiment. The test field was circular and of 1.6 deg diameter. We assessed the spectral locus of equilibrium yellow using equiluminant lights scaled at 2 nm steps. We used a double random staircase with five reversals. The staircases were started at positions that spanned "definitely greenish" to "definitely reddish". On each trial the observer viewed a 1 sec pulse of light and responded "reddish" or "greenish" The observers included EB and 12 normal trichromats.
Results. Figure 6 shows the spectral locus of equi- Wavelength (rim) FIGURE 6. Spectral locus of equilibrium yellow for protan cartier EB (solid bar) and for 12 normal trichromats (open bars). The curve represents a normal distribution based on the equilibrium yellow settings observers described in literature reports (described in the text).
librium yellow for protan carrier EB (solid bar) and for 12 color normal observers (open bars). The curve represents the normal distribution based on the weighted mean and standard deviation of equilibrium yellow settings of 264 observers from 11 studies (Cicerone, 1987; , 578 and 2.5 nm. The loci for the 12 color normal observers spanned the range 571-581 nm, a range consonant with literature reports. The locus for EB was 579 run.
DISCUSSION
The two protan carrier observers were classified as normal trichromats by the anomaloscope, indicating the presence of MWS and LWS photopigments within normal variability. Cone isolation studies on chromatic backgrounds (Experiment 4) revealed normal spectral sensitivity and normal adaptation mechanisms in the carriers. However, they showed an abnormal luminosity function in HFP (Experiment 1) which can be attributed to a sensitivity loss of their LWS cones. The estimated 99% confidence limits for the LWS/MWS cone ratio in population studies, including that of our laboratory, is 0.66-25.0. Compared with a typical color normal individual, our observers were estimated to have 10-60 MWS cones for every LWS cone. The measurements of grating acuity (Experiment 2) were consistent with the sparsity of LWS cones.
Despite the strong cone imbalance, both protan carriers showed normal color discrimination. This was supported by normal matching ranges on anomaloscope testing and superior performance on the Farnsworth-Munsell 100-hue test. Further, the carriers showed evidence of normal spectral opponent strength in measurements of increment threshold spectral sensitivity functions on a white pedestal and background (Experiment 4). Finally, normal hue estimation (Experiment 5) and a normal spectral locus of equilibrium yellow (Experiment 6) indicated that these basic aspects of color perception are normal. To conclude, our data suggest that normally balanced cone ratios are not necessary for normal color vision. The equilibrium yellow results show that the LWS/MWS ratio and the spectral locus of equilibrium yellow are not directly linked, and that the neural channels may selfnormalize to preserve normal color percepts in the face of strongly unbalanced retinal receptive fields. The spectral loci of equilibrium hues might be developed through adaptation to the average long-term environmental lighting. An alternative possibility is that normal and abnormal patches of cone mosaic occur in the retinae of heterozygotes and these normal patches, even if few in number, are sufficient to support normal color discrimination and normal null hue percepts.
Abnormalities in HFP matches of heterozygotes are usually considered to result from random X-chromosome inactivation. In a survey of carriers we might expect that the average ratio would reflect 50% inactivation. Can the HFP data yield information about the cone complement in heterozygotes? Using four assumptions, we can calculate the LWS/MWS cone ratio corresponding to the average match of protan heterozygotes. We assume:
(1) that for the average observer, the cone complement of some 5-7 million is partitioned with an average ratio of 1.6 LWS to 1.0 M. (2) In a female, each chromosome contributes to the proportion of the total established at inactivation. (3) The defective chromosome expresses only MWS pigment. (4) The various pigment genes are activated in turn so that pigment expression occurs only for one gene at a time. Under these conditions, we can calculate the expected value of a heterozygote LWS/ MWS ratio for two cases: (a) the MWS gene(s) on the defective X chromosome express pigment only when the MWS gene(s) in the fellow normal chromosome are active; and (b) the MWS gene(s) on the defective X chromosome express pigment when either LWS or MWS genes are active on the fellow normal chromosome. In case (a) the MWS cone complement of the heterozygote will be similar to that of a normal; in case (b) the MWS cone complement of the heterozygote will be higher than normal. Figure 7 shows the calculated cone ratio for the two hypotheses as a function of the proportion of normal X-chromosomes activated. The calculated cone ratios range from 0 (expressing protanopia) to 1.6 (completely normal). For hypothesis (a), the expected average cone ratio for protan heterozygotes is 0.8, for hypothesis (b) the expected average cone ratio for protan heterozygotes is 0.4. From the literature studies (Crone, 1959; Adam, 1969; Majima, 1971) we computed values of 0,3-0.5. The data are thus suggestive that the MWS cone complement is higher in protan heterozygotes than in normal females. A parallel calculation may be made for deutan heterozygotes, although the calculation has less precision. For hypothesis (a), the expected average cone ratio for deutan heterozygotes is 3.2; for hypothesis (b) the expected average cone ratio for deutan heterozygotes is 4.2. We computed averages of 4.5-7.66 from literature studies (Crone, 1959; Adam, 1969; Majima, 1971) . These calculations suggest that the LWS cone complement is higher in deutan heterozygotes than in normal females. Thus, the defective gene may express continuously during expression of normal genes for LWS and MWS photopigments.
